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ABSTRACT

This note describes an updated tropical cyclone vortex climatology for the western North Pacific version of

the operational wind radii climatology and persistence (i.e., CLIPER) model. The update addresses known

shortcomings of the existing formulation, namely, that the wind radii used to develop the original model were

too small and symmetric. The underlying formulation of the CLIPER model has not changed, but the larger

andmore realistic vortex climatology produces improved forecast biases. Other applications that make use of

the vortex climatology and CLIPER model forecasts should also benefit from the bias improvements.

1. Introduction

The U.S. tropical cyclone (TC) warning centers pro-

vide information about TC surface wind structure—

analyzed and forecasted in terms of wind radii. The

collective term wind radii refers to the maximum radial

extent of TC winds exceeding three critical wind speed

thresholds in compass quadrants about the storm center:

northeast, southeast, southwest, and northwest. The

critical wind speed thresholds used at the centers are 34,

50, and 64kt (1 kt ’ 0.514m s21), and are referred to in

this paper as R34, R50, and R64, respectively. The U.S.

TC warning centers also report and forecast their wind

radii in units of nautical miles (1 n mi5 1.85 km), and so

we use the units knots and nautical miles throughout

this work.

Prior to 2005, forecast guidance for wind radii was

considered to be unskillful and of marginal use in

operations (Knaff et al. 2007a). Around that time, a

simple statistical wind radii forecast guidance based on

climatology and persistence (CLIPER) was developed

(Knaff et al. 2007b, hereafter K07). The development

of this ‘‘wind radii CLIPER model’’ or ‘‘DRCL’’ [the

four-letter technique name in the Automated Tropical

Cyclone Forecast (ATCF) system; Sampson and Schrader

2000] was part of a larger effort to provide probabilistic

forecast information for wind speeds associated with

TCs in the North Atlantic and North Pacific (DeMaria

et al. 2009, 2013). At that time, the developers were

confident that satellite-based ocean wind vectors influ-

enced wind radii estimation and best tracking, as in-

dicated in the following statement in K07:

During this period, operational centers used several
satellite-derived products (low-level atmospheric motion

vectors, passive microwave, and scatterometry) in their

wind radii estimates. We do not consider these data to be

as accurate as the data influenced by aircraft reconnais-

sance; nevertheless, we use these wind radii datasets

and accept their inherent shortcomings.

While this turned out to be true in the basins where the
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Hurricane Center (CPHC) had responsibility, this was

not the case in the western North Pacific. In hindsight,

the western North Pacific wind radii in the best tracks1

were based on very few observations, mostly fortuitous

scatterometer winds and surface observations that were

available just prior to the forecaster’s real-time esti-

mates. The resulting DRCL model derived for the

western North Pacific, which used those real-time esti-

mates, used a climatological vortex that was too small

and symmetric. In this note, we describe how three years

of objective wind radii best tracks, which closely match

subjectively determined wind radii best tracks described

in Sampson et al. (2017), are used to rederive the DRCL

model used in the western North Pacific. The model

updates described in this note are now in operations at

the Joint Typhoon Warning Center (JTWC) and serve

as both guidance and the skill baseline for TC wind radii

forecasts in the western North Pacific.

This update contains a brief summary of the data and

methods used for model rederivation, noting that the

methods have not changed from K07. We then provide

coefficients derived for the new version of DRCL and

examine how these differ from the coefficients in the

original K07 version. This is followed by a discussion of

how the new DRCL formulation works, how it differs

from the older version of the model, and its potential

impact on operations at JTWC.

2. Data and model update

a. Updated climatology

Three years, 2014–16, of objectively estimated wind

radii best tracks were used as input data for creating a

climatological dataset. The objective wind radii best

track procedures and verification versus a subjectively

determined best track are discussed in Sampson et al.

(2017). The focus of Sampson et al. (2017) was on 34-kt

wind radii estimation in operations. These estimates

made use of the available wind radii estimates and

helped forecasters more efficiently, systematically, and

accurately estimate real-time 34-kt wind radii. An

equally weighted mean (or consensus) of real-time ob-

jectively determined 34-kt wind radii estimates created

a t 5 0 estimate of wind radii. The inputs to the t 5
0 consensus included wind radii based on routine

Dvorak fixes and matching imagery (i.e., Knaff et al.

2016), microwave sounders (i.e., Demuth et al. 2006),

the NESDIS multisatellite-platform surface wind

analysis–based fix (Knaff et al. 2011), and 6-h forecasts

of wind radii from the Global Forecast System, the

Hurricane Weather Research and Forecasting Model,

and the Geophysical Fluid Dynamics Laboratory hurri-

cane model. Sampson et al. (2017) created a 2-yr

(2014–15) 34-kt wind radii objective analysis using this

method. These objective estimates were shown to com-

pare favorably to independently analyzed wind radii es-

timates contained in the National Hurricane Center’s

postseason estimates (i.e., the best tracks) and a specially

created subjectively analyzed best track dataset for the

western North Pacific. In K07 the average west Pacific

R34 was 115n mi, while in Sampson et al. (2017) the

postseason analyzed R34 was 134n mi.

The method used here is the same as in K07 and starts

with a generalized version of the modified Rankine

vortex that includes a wavenumber one asymmetry [see

(1) below]. The wind V is a function of radius r and

azimuth u, and x is the shape parameter, a is the

asymmetry, uo is the azimuthal orientation, ym is the

maximum wind in the vortex, and rm is the radius of

maximum wind:
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The four free parameters (i.e., x, a, uo, and rm) in (1)

are climatological values of parameters found in the best

track (latitude, storm translational speed, and storm

maximum winds) as shown in (2). The climatologi-

cal values are all denoted with the subscript c, and t0–t2,

a0–a3, x0–x2, and m0–m2 are all constants:
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The choice of this functional form approximates known

variations in tropical cyclone structure. Azimuthal ori-

entation of asymmetries can be affected by interaction

with the background environment and here is a function

of latitude and translation speed c. Asymmetries are

prescribed to be a function of translational speed and

1Although wind radii dating back to 1996 can be found in the

western North Pacific best tracks, they had not been analyzed

postseason until just recently and only for the years 2013–16

(E. Fukada 2017, personal communication).
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latitude; the justification of which is discussed by

Uhlhorn et al. (2014) and Klotz and Jiang (2016).

Tropical cyclone size, which is represented by the shape

parameter x, is both a function of intensity (TCs grow

larger as they become more intense) and latitude [TCs

grow larger as they move poleward; see Knaff et al.

(2014), Merrill (1984), and Weatherford and Gray

(1988)]. Finally, rmc in (2) is a function of latitude and

intensity, following Knaff et al. (2015) and references

therein. Allowing rmc to vary with latitude and intensity

provides even more variability in the model. For in-

stance, wind radii can be increased simply by assigning a

larger value of rmc . One shortcoming of this added vari-

ability is that the rmc values are typically unrealistically

largewhen compared to observed radii ofmaximumwind.

The parametric vortex defined in (1) and (2) has 13

free parameters, and there is no unique set of 13 pa-

rameters that would fit a single set of wind radii values in

the best track. Instead, the 13 parameters are chosen to

minimize the RMS errors of the observed R34, R50, and

R64 from a large sample of cases. Because the vortex

profile is a nonlinear function of the parameters, there

are probably local minima in the RMS error function. It

is also likely that some values of the parameters can lead

to solutions that are not physically realistic, so penalty

terms are employed in the error function to restrict the

solutions to physically realistic values. This process is

similar to the method of steepest descent first published

by Debye (1909). In our algorithm, only one parameter

at a time is varied over a range of physically realistic

values to avoid the need for a closed form of the gradient

of the error function with respect to the 13 parameters.

The details of this methodology follow.

Input and output variables in (2) are scaled so that

they are of order one. This scaling strategy is the more

elegant of the twomethods discussed inK07. The scaling

factors used were 30kt, 1, 100n mi, and 908 for ac, xc, rmc,

and uoc, and 165 kt, 508, and 30kt for ym, g, and c, which

are based on near-maximum values in the best tracks.

Because we use this scaling, the search increment for

each variable is comparable to the other variables. As

previously mentioned, vortex parameters are physically

constrained by applying a penalty term to the error

function (i.e., the RMS difference between the esti-

mated and observed radii). The penalty term increases

the RMSE for these cases bymultiplying the amount the

vortex parameters are out of range by a large coefficient

(106). The RMSEs with the penalty term act as a loss

function, for which we seek a minimum. This method

allows the searching algorithm to consider coefficients

where vortex parameters are out of range for a few ca-

ses, but results in vortex parameters that do not violate

physical constraints. For instance, values of x . 1.0

(negative absolute vorticity) or a, 0.0 (maximumwinds

stronger than ym) are not allowed.

The iterative solution for the 13 coefficients of (2)

follows this ad hoc steepest descent procedure. Solutions

were also found to be a function of which order the

variables were searched. In this work and in K07, the

search order was a, u, x, and finally rm. Variables were

incremented up- and downgradient in the following or-

der: c2, c, g, and finally ym. Though we did not do a

complete examination of the sensitivity to search order,

we did examine a few other search orders, and solving

for the asymmetries first provided larger asymmetries in

the final solution and smaller errors overall. The first

guess sets all coefficients to zero, except m0 and x0,

which are initialized to the mean values of radius of

maximum winds and the size parameter from the west-

ern North Pacific sample (34n mi and 0.31). We did not

use any other initial conditions. Following this initial

step, we increment the coefficients in (2), one at a time,

over a reasonable range of values (100 increments of

0.0005) to find the value of the minimum mean square

error versus best track wind radii. This new minimum

becomes the initial conditions for the next iteration. We

repeat the search, moving up and down from the last

minimum until we find convergence. Since the number

of solutions to these equations is very large, we choose

only the set of model coefficients that is physically

consistent and near the global minimum in our loss

function. Table 1 lists the final set of solutions. For

comparison, Table 1 also lists the original coefficients

from K07 (their Table 1), which were used in operations

at JTWC, and the scaled versions from K07 (their

Table 2).

The parametric vortex [(1)] with the parameters de-

termined from the coefficients in Table 1 defines the

climatological part of the CLIPER model. Note the

larger constant for rmc in the newly derived coefficients,

and a much greater sensitivity of rmc to both ym and g.

The operational model fromK07, on the other hand, has

very little asymmetry (a0–a3) and a fixed rmc. Because

the rmc is a function of latitude in the new model, TCs

that are more intense and at higher latitude develop

much larger circulations than either version of the co-

efficients given in K07. As a result, the new model

should have larger asymmetries that are dependent on

both latitude and storm speed, which is consistent with

what we see in nature.

b. Persistence

Persistence is the second part of the model and is

unchanged from what was done in K07—a process

described briefly here. Tropical cyclones can have

both symmetric and asymmetric differences from the
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climatological model that can greatly influence the es-

timation of wind radii. Recall that the parameter x in our

parametric model [(1)] represents the symmetric TC

size. Using the observed wind radii and the climatolog-

ical radius of maximum wind rmc, a value of x (xobs) that

provides the best fit to the symmetric mean of the ob-

served radii (e.g., the average of the northeast, south-

east, southwest, and northwest quadrants) is computed.

This is done for each of the 34-, 50-, and 64-kt wind radii.

The difference between xobs and xc is then defined as the

initial symmetric error.

Then, we use lag correlations of xobs for the persis-

tence. The lag correlations of the shape parameter x for

our western North Pacific sample is shown in Fig. 1,

where the points are the observed lag correlations, and

the line is an approximation calculated as follows.

First, we calculate the value of xobs from the initial

observations to capture the persistent nature of TC

size. Then, we apply the 12-h basin-specific, linear re-

gression coefficient and intercept to create a predicted

value of x at 12 h:

x
12
5 x

c
1 [r

c
(x

obs
– x

c
)1 b

c
] . (3)

In (3), xc is the climatological value of x calculated using

the forecast position and intensity at t 5 12h, rc is the

regression coefficient, and bc is the intercept. In this

sample, rc 5 0.71 and bc 5 20.01 at t 5 12h. This calcu-

lation is repeated to estimate x at 24–120h using the same

values of rc and bc, where xobs is replaced by the previous

12-h forecast. For example, the equation for 48h is

x
48
5 x

c
1 [r

c
(x

36
– x

c
)1 b

c
] . (4)

In (4), xc is the climatological value of x calculated using

the 48-h forecast position and intensity. Instead of the

observed x, we now use the 36-h x (x36) in the equation

for 48 h. This methodology approximates the points

well, as shown in Fig. 1, but without the added com-

plication of carrying nine additional coefficients and

intercepts.

To compute the persistence of the asymmetric errors,

we use the following strategy. First, initial wind radii

estimates are again used to calculate xobs. Then, xobs is

used in (1) to predict wind radii in each quadrant at t5 0.

The differences between the predicted and observed

wind radii in each quadrant are calculated and treated

as initial errors in each of the observed wind radii. At

t 5 0 these errors are added back to the predicted

values so that the observed wind radii match the pre-

dicted wind radii at t 5 0. An e-folding time is used to

phase out the persistence of the asymmetric errors, and

as in K07 this e-folding time is set to 32h. The initial

errors effectively decay exponentially with time, be-

coming less than 5% of its initial value by 120 h.

TABLE 1. Coefficients for (2) for the western North Pacific tropical cyclone basin used to create the climatological parametric wind radii

CLIPER model. Coefficients from K07 [operational (their Table 1) and derived using the scaling method (their Table 2)], and the new

version developed in this effort. Units for the coefficients are shown in the first column.

Western Pacific (K07, Table 1)

operational

Western Pacific (K07, Table 2)

scaling method Western Pacific (new)

t0 (8) 15.0000 14.4000 213.0300

t1 20.5500 20.0288 0.8485

t2 (8 kt
21) 1.0200 1.8000 1.0653

ao (kt) 0.6300 6.6800 4.2980

a1 20.0100 20.1020 20.1574

a2 (kt
21) 0.0006 20.0028 0.0035

a3 (kt degree
21) 20.0300 0.1620 0.1276

x0 20.0059 0.2355 0.3151

x1 (kt
21) 0.0055 0.0039 0.0038

x2 (degree
21) 20.0031 20.0028 20.0022

m0 (n mi) 20.0000 38.0000 56.9200

m1 (n mi kt21) 0.0000 20.1167 20.1541

m2 (n mi degree21) 0.0000 0.0000 0.7372

FIG. 1. Points represent the linear lag correlation coefficient for

the relationship between the initial size parameter x and the ob-

served x for each forecast hour. The curve is the approximation

used by the parametric wind radii CLIPER model based on the

12-h intercept and lag correlation coefficient.
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c. Intensification

If the storm intensifies past critical wind radii thresh-

olds during the forecast, the model generates forecasts

for wind radii for these higher wind speed thresholds.

Initial errors from the next-lower wind radii threshold

provide an estimate of the asymmetries for the higher-

threshold wind radii. For instance, the initial R34

asymmetries for a storm that has maximum winds of

45 kt are used to add asymmetry to the predicted R50

when the TC is forecast to intensify to 50 kt. In this

way, the higher-threshold wind radii asymmetries are

prescribed to be consistent with R34 asymmetries

throughout the intensification process, regardless of

the initial intensity.

3. Discussion

This work provides an update to the vortex climatol-

ogy of the wind radii CLIPER model (ATCF technique

named DRCL) for the western North Pacific. The

original vortex climatology discussed in K07 was too

small and too symmetric, resulting in unrealistically

small wind radii. It is important to note that the DRCL

model formulation has not changed and DRCL fore-

casts are still a blend of initial wind radii conditions

and a climatological vortex that is a function of storm

intensity, latitude, and the direction and speed of mo-

tion. JTWC forecasters provide both the initial wind

radii and forecasts of future positions and intensities.

The updated western North Pacific DRCL coefficients

are developed with average radii that are 20%–35%

larger than in the original operational model. As a re-

sult, the forecast wind radii for the longer ranges

(after 48 h) are noticeably larger. The initial conditions

provided by JTWC forecasters, however, will largely

determine the 0–24-h forecasts of wind radii. Figure 2

shows a comparison of independent 2016 DRCL fore-

casts using the older K07 climatology and the updated

climatology presented here. Figure 2 shows that the er-

rors are similar, but the large negative biases in the older

K07 climatology are eliminated by using this new

climatology. R50 and R64 wind radii are purposely de-

emphasized here as the best track values are regressed

from the subjectively determined R34 and intensity. It is

felt that a higher quality validation dataset is required to

properly derive and evaluate the R50 and R64 perfor-

mance of this model. However, users should know that

the new formulation generally results in larger R50 and

R64 forecasts as well.

Beginning in 2014, a concerted effort involving several

agencies was initiated to 1) determine the fidelity of

wind radii estimation and forecasting and 2) develop

tools and guidance to aid forecasters with the initial

estimates and forecasts of tropical cyclone surface

winds. Sampson et al. (2017), Sampson and Knaff

(2015), and Knaff et al. (2017) describe many of these

efforts. Because of this effort, operators and researchers

should be aware that the JTWC wind radii are now

generally larger, in both the best tracks and in the real-

time estimates used to initialize NWP models and other

applications. Prior to September 2017, the DRCL in

operations at JTWC (developed in K07) was derived

with the real-time wind radii estimates made with little

objective guidance. The result was large negative wind

radii biases at longer leads (as Fig. 2 shows for the 2016

western North Pacific season) and initial gale force wind

radii forecasts (i.e., when the TC first exceeded 34kt)

that were inconsistent with new wind radii guidance.

Note that t 5 0 errors in Fig. 2 are the result of differ-

ences between wind radii used for initialization (i.e.,

real-time estimates) and the values in the final best

tracks. The effort presented here and in prior work

should address many of these inconsistencies. Further-

more, coefficients developed within this work will be

used for the wind speed probability product (DeMaria

et al. 2009, 2013) run using JTWC forecasts and, thus,

should provide improvements to downstream prod-

ucts like TC conditions of readiness (Sampson et al.

2012) and significant wave-height probability forecasts

(Sampson et al. 2016). Finally, the development of the

DRCL model presented here can easily be extended to

longer-lead forecasts, if JTWC extends their wind radii

forecasts beyond 120 h.
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